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Abstract. Remote sensing of chlorine monoxide (C10) by  the Microwave  Limb Sounder (MLS) 

experiment aboard the  Upper Atmosphere Research Satellite (UARS) has provided global 

measurements of variations in stratospheric free chlorine (for 1991 to 1997). Linear trends  were 

obtained from an analysis of this dataset at low and mid-latitudes. Some  C10 increases in  the 

upper stratosphere are significantly larger than expected from trends in chlorine source gases 

alone, but can be explained, when viewed in conjunction with observed changes in CHq and  HCl, 

measured by the UARS Halogen Occultation Experiment (HALOE). In contrast, decreasing C10 

values  in the lower stratosphere are consistent with a relaxation  in  the lower stratosphere, 

following; chemical Derturbations attributed to the 1991 Mt. Pinatubo eruution. 
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1. Introduction 

Anthropogenic production of chlorofluorocarbons (CFCsj has  been linked to the issue of 

ozone depletion since the early 1970's, when initial predictions of the potential for ozone loss 

were  made [Molina and Rowland, 19741. Long-term increases in the gaseous inorganic chlorine 

content of the  upper atmosphere, where chlorine is released from  these halogenated source gases 

via photolysis and reaction with OH and O('D) have been expected and indeed observed, based 

on measurements of  the  main stratospheric reservoirs of chlorine, HCI (Rinsland  et al., 1991; 

Gunson et al., 1994; Russell et al., 1996; Zander et al., 1996; Achard et al., 1997; Wallace et al., 

19971  and CION02 [Reisinger et al., 1995; Rinsland  et al., 19961.  Until now, there have been no 

analogous measurements of long-term changes in reactive or free chlorine (made up primarily of 
a 

C10, directly involved in ozone destruction), although one would expect increases in its 

abundance as well. In the lower stratosphere, volcanic eruptions such as the large Mt. Pinatubo 

eruption in June of 1991 can indirectly increase the free chlorine content of  the lower 

stratosphere, through chemical reactions on the surfaces of  the  volcanic sulfate aerosols that are 

produced and transported throughout  the globe in the months following the eruption. Various 

studies have addressed the  impact of such heterogeneous chemistry on  the lower stratosphere and 

on enhanced ozone depletion [e.g. Hofmann  and  Solomon, 1989; Rodriguez et al., 1991; 

Brasseur and  Granier, 1992; Fahey et al., 1993; Kinnison et nl., 1994; Wennberg  et  ai., 1994; 

Solomon et ul., 19961. It is now accepted that aerosol conditions, whether  at 'background' levels 

or during volcanically enhanced periods, are an essential component for an accurate 

understanding of ozone photochemistry in the lower stratosphere. In particular. the reaction 

N.05 + H 1 0  + 3 HNO3 on aerosol surtices is expected to play a key role by decreasing the 
1. 

abuncianct' of gaseous rt'active nitrogen (NO,). which in turn slows clown the convcrsion of CIO 



(a key reactive chlorine radical involved in the depletion of ozone) to CIONO..  The inverse 

relationship between CIO and NO2 has been verihed by in situ measurements of these species in 

the  lower stratosphere [Stimpfe et al.. 1994; Wennherg et al., 19941, and  post-volcanic decreases 

in lower stratospheric NO, have indeed been observed [De  Mazitre et a[., 1998, and references 

therein]. Moreover, in situ mid-latitude measurements of  C10 and aerosols have demonstrated 

that increases in aerosol surface area concentration correlate with increases in C10 [Wilson et al., 

19931.  At temperatures lower than about 205K (with higher water content of the aerosol 

solutions), additional reactions; e.g. HC1 + CION02 + C12 + HNO3, CION02 + H20 + HOCl + 

HN03, and HCl + HOCl + Clz + HZO, can play a significant or dominant role [e.g. Bormann  et 

al. , 1997; Webster et al., 19981. 

4 

A long-term global study of lower stratospheric free chlorine (or C10) abundances has 

not  been performed before because of the paucity of such observations on  an extended temporal 

and spatial scale. Uncertainties remain concerning the  budget of inorganic chlorine in  the lower 

stratosphere, as well as the  time variation (and aerosol surface area dependence) of  HC1 and C10 

in the lower stratosphere [Avallone et al., 1993; Jaegle‘ et al., 1996; Dessler et al., 1997; Webster 

et al., 19981. In this context, the Microwave  Limb Sounder (MLS) [Barath et al., 1993; Waters 

et al., 19991  aboard  the Upper Atmosphere Research Satellite (UARS) has provided a unique 

global ‘long-term’ data set for C10 since late 1991. However, terms such as “long-term” or 

“trends” need to be understood in the context of  the 6 years (1991-1997) studied here, and should 

generally be  used with caution. especially since ClO variations in the  future (next decade) may 

well differ significantly from the results herein. In this paper, we present results from  the MLS 

observations of global C10 variations, in conjunction with 2-D model simulations of atmospheric 

chemistry and  transport over this timc  pcriod.  including  the cffccts of anthropogenic and 
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volcanic  intyuenccs  on  free chlorine. Important global measurements of CHJ, H10, and HCl 

obtained by the UARS Halogen Occultation Experiment (HALOE) [Rrrssell e f  d . ,  19931 are also 

used in this analysis. 

2. Global  Variations in C10 (1991 to 1997) 

The MLS measurements are obtained from observations of thermal emission at 

microwave wavelengths [Wafers et nl., 19991 as the instrument’s antenna scans vertically 

through  the earth’s atmospheric limb. The C10 data have  been validated previously and compare 

well  with other measurements [Waters  et  al., 19961;  Version 4 data are used in this analysis. The 

MLS measurements are not significantly degraded by  the presence of stratospheric aerosols 

[Waters  et al., 19991, which is important for the post-Pinatubo period. We discuss observations 

made between September 21,  1991 (shortly after the satellite launch) and June 14, 1997. After 

this, a different operating mode  was used (with only one radiometer turned on), in order to 

accommodate low battery power conditions on the satellite; temperature data from MLS was 

then  lost and tangent pressure information was obtained from  the ozone band (at 206 GHz) rather 

than the oxygen  band (at 63 GHz). Moreover, the amount of available MLS data (number of 

observing days per month) decreased significantly after June 1997. We have  limited this 

analysis to  the  time period prior  to July 1997, since we do not currently have enough evidence to 

demonstrate that  the post-June 1997 measurement mode  can provide consistent trend  information 

with  enough precision. MLS data were obtained daily or nearly so from late 199 1 through 1993. 

Some periods of reduced observations also occurred between  1994  and mid-1997, because  of a 

combination of instrument scanning and UARS problems. The satellite undergoes yaw 

maneuvers on a periodic  basis of order 36 days (referred to as a ’UARS month’), leading to 

alternating coverage of the SOS-3SN and 80N-3JS Iatitucle regions. 



Because individual profiles of CIO are generally noise-dominated except under 

conditions of enhanced chlorine during polar winter. we have averaged CIO data into  broad 

latitude bins in order to present results with enough statistical significance. To remove small 

biases [Waters et ai., 19961 observed in nighttime data at  pressures larger than 4 hPa (in a region 

where nighttime abundances of C10 should be very close to zero), we have subtracted nighttime 

mean values over each UARS month  from the corresponding daytime values. Weighting of  the 

data by cosine of latitude (areal weighting) has also been  applied to the zonal mean abundances. 

A time series of these abundarices for the 30s-30N latitude bin is  shown in Figure 1 .  Some 

screening of the data was performed in order to avoid occasional spikes and  poor data coverage. 

In addition to the standard MLS quality checks used to  bypass  rare cases of bad or poor  profiles 

[see Waters  et ai., 19961, occasional C10 spikes (values larger than 5 ppbvgr less than -3 ppbv) 

were omitted, and days with non-representative latitudinal coverage (i.e. not covering at  least a 

quarter of the latitude bin  under consideration on  both sides of the center latitude) were  excluded. 

In addition, months with  more than twice the average error in mean C10 were excluded, 

eliminating most months with only a few days of data. The robustness of  the results was 

checked by comparing trend results from daily averages to  those from the monthly averages. 

Also, upper stratospheric points at 1 and 2 hPa were analyzed for monthly daytime and  monthly 

nighttime data separately. Since the results of the  above sensitivity studies did not differ 

significantly from each other (outside the one-sigma error bars), we feel that  the  trend  results 

shown here are robust (within their error  bars). 

A multiple regression analysis is applied to  the  zonal  mean  monthly  values by using  the 

following regression  model abundancesflt) to f i t  the data ( t  represents the day giving the  central 

h t c  for each UARS month): f(t) = C + L t + ( 1 1  co.v('m/P,) + h, .sin(?m/P,) + ( I :  cos(2m/P2) + 



bt sin(2m/P:) + a j  co.s(2m/Pj) + bj sin(2~~/P,) .  The periods P, represent annual, semi-annual, 

and quasi-biennial oscillation (QBO) time scales, corresponding to  12 months, 6 months, and 27 

months, respectively; the  27-month period is ;L first-order representation of the QBO, but our 

results are nor significantly biased  by this term or by changing that period by a few months. The 

slope or linear component of  interest  is L. We first fit  the  non-linear coefficients to the data with 

a standard singular value decomposition routine, and then  fit a slope to the ‘anomalies’ given  by 

the data values minus the non-linear components of  the  model. The fitted linear term (plus 

constant) is shown as a solid line in Figure 1 ,  for each of  the 6 main pressure surfaces where C10 

is retrieved in Version 4 data; data at lower or higher pressures are not considered reliable 

enough to draw significant conclusions. 

Also shown in  Figure 1 are model values from the LLNL 2-D transport-chemical model 

of the stratosphere, both with a simulation of the Mt. Pinatubo eruption effects based on aerosol 

loading  of  the lower stratosphere (thick dashed lines) and  without such effects (thin dashed 

lines); these two model cases differ significantly only at pressures larger than 10 hPa (lower 

stratosphere). The main characteristics of this model have been described in previous work, 

[Kinnison et al., 19941. The version used here was updated to use  more recent estimates of 

photochemical rate constants [DeMore  et al., 19971 and also includes the reaction of OH with 

CIO to form HCI and 0 2  [Lipson et al., 19971. The model  was run for 28 years from 1970, 

starting from a calculated steady-state 1970 atmosphere, using observed halocarbon surface mole 

fractions as time-dependent lower boundary conditions for  the CI and Br source species. From 

1979.  the surface area density of sulfate aerosol in the  model stratosphere is interpolated from a 

h. 

data set inferred from SAGE I1 and other satellite observations of extinction; in the volcano-free 

~ L L W : .  xrosol surface arca is  tixed at 1995 values. The circulation in the model is annL1ally 
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periodic  based  on u steady-state representation of 1995 source gas  abundunces  and  decadal scale 

climatological temperature. and  fixed throughout the run. This model will not  represent  any 

interannual variations in stratospheric dynamics driven by  volcanic emissions or any  other 

source. Systematic errors in the model include unrepresented processes (wave forcing processes, 

solar cycle variability in ultraviolet irradiance, QBO), errors in photochemistry affecting radical 

family partitioning, and probably of greater importance, errors in  the  mean circulation, which can 

impact  the ,calculated age of air. In Figure 1, the model values have  been scaled by  the ratio of 

average C10 from the data to average model CIO, with scaling factors of 1.3 1,  1.14,  1.1  1, 1.03, 

0.96, and 1.36, respectively, from lowest to highest pressure. We are focusing more  on  the 

expected trends than  on the absolute values of C10; however, there  is generally good agreement 

in  the absolute values, based on  the above scaling factors and  given  the  typigal 15% level of 

accuracy (systematic error) for MLS C10 data and possible systematic errors in  the  model. The 

main message from Figure 1 is  that global values of C10 have  increased  in this time  period  in  the 

upper stratosphere, but  they  have decreased in  the lower stratosphere (at pressures of about 20 to 

50 hPa). The volcano-free model case in Figure 1 leads to slight increases in lower stratospheric 

C10 as opposed to a decreasing trend. 

A summary of the trends  in C10 for the 199 1-  1997  time  period discussed above is 

presented in Figure 2, where in addition to results from  Figure 1 ,  we have added results  from 

mid-latitude data (30s-30N and 30N-50N latitude bins). The  mid-latitude trends generally have 

larger error bars because of  the smaller number of measurements. The general  picture of  an 

increase in chlorine in the  upper stratosphere and a decrease in the lower stratosphere is apparent 

from this figure. Given the error bars (95% confidence level. or “2 sigma” errors used here), 

the data show no evidence of ;1 I;\titudt. depcndencc in thc derived trends. This strengthens the 
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statistical signiticance of these results in terms of a global assessment of chlorine trends (global 

~ results would  basically be  an average of the values at each pressure. with an error smaller by 

square root of three  than  the errors shown). Model results obtained by fitting ;I linear function to 

the deseasonalized model  monthly mean values of C10 over the same time  period  as  the data  are 

also shown in Figure 2. While there is qualitative agreement between model  and data in the 

main trends and their variation as a function of height, there is a clear model underestimate of the 

observed upper stratospheric increases, most notably at 2 hPa (where the data-derived trend is 

5.2 f 1.4 Wyr, versus a model  trend  of only 1.4 Wyr). We note also that  the  low latitude 10 hPa 

trend  in  the observations appears to be somewhat different than  at mid-latitudes, since it shows a 

slight decrease as opposed to the slight increase or flat behavior at mid-latitudes. There is  only  a 

slight hint  of this difference in behavior in  the  model results, but  at slightly higher pressures. 
*. 

The  C10 time series shown in Figures 1 and 2 show  a significant amount of scatter and 

time variability, so that  the choice of time period can lead to different results for the fitted linear 

trends. It is also true  that  the variations in the atmospheric abundances of free chlorine are most 

likely  not  well represented by  the simple model used to fit  the data here, both  in  the upper and 

lower stratosphere; we have  merely presented this as a simple way  to gauge whether model and 

data are producing similar changes. Figure 3 illustrates the non-linear nature of  the C10 changes 

by displaying (for each pressure surface of Figure 1) the trends obtained from 8 different 4-year 

time periods, starting at  the beginning of  the dataset (late 1991), and shifted by 3 months 

thereafter, until a start date of June, 1993. For  the 2 hPa low latitude and  northern mid-latitude 

trends shown in this Figure,  the actual slope values  can  range  from close to  IO%lyr in the early 

4-year period (late I991 to late 1995) down  to  less  than 3%lyr in thc  later 4-year period (mid- 

I093 to rnicl- IW7): thus, the disagrecment between rnoclcl variations (bascd simply on CFC 
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increases) and  measured trends is even larger i f  one considers the  more limited time period from 

late 1991 to late  1995. The southern mid-latitudes give a much  more constant increase of about 

4 %/yr, at 2 hPa. Interestingly, at 22 hPa,  the southern mid-latitudes yield a strong decrease 

(18%/yr) in the early portion of the 1991-1997 time frame,  but this trend becomes essentially 

zero during the last 4 years. We believe that these findings illustrate at least in  part  the  non- 

linear nature of  the C10 variations (where the expected errors are smaller than the changes  in  the 

slopes). 

Besides the sensitivity  studies mentioned earlier which give us confidence in  the 

robustness of the results, we note that the C10 measurements are obtained from the same 

radiometer system as the long-term MLS ozone data (at 206 GHz). The  MLS ozone abundances 

have been shown to track very closely the ozone variations and trends froqother well-calibrated 

observations [Froidevaux et al., 1996; WMO, 19981. In particular, it has been established [WMO, 

19981  that MLS, HALOE, and SAGE II ozone abundances do not drift relative to each  other  by 

more than OSWyr, typically, based on data obtained between late 1991 and the  end of 1996 

(essentially the same time period as we use  here). We estimate that the stability of  the  MLS 

measurements is  better  than O.Z%/yr, based  on a consideration of error sources and the lack of 

evidence for significant sources of instrument degradation. An error in  the temperature trend is 

potentially the  largest contributor to the  MLS ozone trend estimates. MLS  radiances at  the 

highest altitudes have shown excellent stability, with an  implied change of less  than  0.01% in the 

antenna system reflectivity over a 6 year  period. The error bars  on  the chlorine trends  derived 

here are justitied, given  the above discussion of potential systematic error bars. 
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3. Discussion of chlorine  trends 

3.1 Upper  Stratosphere 

Measurements of the tropospheric source gases show  the onset of a decrease in many of 

the  halocarbon, surface abundances during the last few  years [Montzkcz et  al., 1996; Cunnold et 

al., 19971;  total tropospheric chlorine grew  by  1.6%  in  1992, compared to 2.9 % in  1989 [WMO, 

19951. These changes confirm the expected reduction in halocarbon emissions as a result  of  the 

Montreal Protocol and its Amendments.  UARS  HALOE measurements of trends in stratospheric 

HCl during 1991- 1996 give trends of about 3.5%/yr [Russell et al., 19961. Other HC1 data sets 

from sparser observations (in space and time) and with  more weighting towards pre-1992 data 

lead  to HCl trends typically within 3 to 5 %/yr [Rinslund  et al., 199 1 ; Gunson et al., 1994; 

Zander et al., 1996; Achard et al., 1997; Wallace  et al., 19971. Measurements of CION02, the 

other temporary reservoir of chlorine in the middle stratosphere, produce similar trends, albeit 
%: 

with larger error bars [Reisinger et nl., 1995; Rinsland et al., 19961. These results are consistent 

with the  rate of increase from  the source  gases at  the ground. The LLNL model takes into 

account  the rates of increase for the halocarbons, along with  the time lag associated with 

transporting the source gases up to the stratosphere where they are decomposed into reactive 

chlorine; this leads to  a linear component of the  model C10 trend in the upper stratosphere of 

order 1.5 to 2 %/yr (see Fig. 2). However, stratospheric air in the LLNL model  is generally too 

young (based on previous studies), so that changes in surface chlorine source gas abundances 

will be retlected too quickly at altitude. This implies  that actual rates of increase for upper 

stratospheric,Cl could be larger than implied here by the model (although only slightly, since 

ground-based changes are an upper limit). 



There is evidence of a significant decrease (by a few  %/yr) in  upper stratospheric 

methane from 1991 to 1997,  based on HALOE observations [ N e d o l ~ h  et al.. 1998; Rmtfe l  et 

af . ,  19991. The reasons  for  the decrease have not yet  been quantified. but  they  may be tied to 

changes in transport following the Mt. Pinatubo eruption [Nedolrthn et nf. ,  19981 or to variability 

in the meridional transport on a decadal timescale, possibly  linked to the Arctic oscillation 

[Thompson et al., 19991. Implications for upper stratospheric CIO  and Oj abundances have  been 

recently discussed elsewhere [Siskind et al., 19981. Since the relationship between C10 number 

density ([ClO]) and  the abundance of other gases in  the  upper stratosphere can be approximated 

by  the following proportionality, [ClO] = [HCl] [OH] / [CH,), it is evident that a decrease  in 

methane would lead to a rise  in C10 [see also Siskind et al., 19981. In the latter reference, the 

authors conclude that expected rates of increase for low latitude upper stratospheric C10 in the 

1991-1995 time period are of order 8%/yr and that the  MLS  trend results for that  time  period 

(calculated as discussed here) are broadly consistent with  the idea that methane decreases have 

played a significant role in accelerating the reactive chlorine trend  in  the past few  years. We 

demonstrate in Figure 4 that  the variations in CH4 (HALOE Version  18 data), averaged over 

30s-30N at 2 hPa for the same ‘monthly’ time. periods as  the  MLS C10 data, are indeed highly 

anti-correlated with  the C10 variations, for both long-term and shorter-term changes. The CH4 

abundances appear to decrease between 1992  and  1996,  with a recovery taking place in the  1996- 

1997 timeframe. The C10 abundances increase while  methane is decreasing but  appear to trend 

downwards in the  last  year shown, in a  manner opposite to  the methane behavior; the correlation 

coefficient between  the  two  time series is -0.8 I .  Similar anti-correlated behavior is observed at 

mid-latitudes (not shown here). The bottom  panel of Fig. 4 displays the temporal  variations  of 

ratio Q = fclo fctl,/ ( fHCI dff,20), where fx represents the  abundance of species x (and where we 



have  used  the  retrieved  monthly  mean mixing ratios from MLS for CIO and from HALOE for 

CHJ, HCI, and H.0). This ratio should be essentially constant, since it represents tirst-order 

equilibrium conditions for the balance of C10 and HCI (see the earlier mention of 

proportionality; and since OH should vary roughly as dH20); the remaining temperature 

dependence in this ratio should be negligible. Figure 4 shows that this ratio (normalized to its 

average  value over the  time period) does indeed remain nearly constant, and varies less than the 

abundances of C10 and C&. Studies suggesting  a correlation between methane variations and 

C10 variability were initially presented in the early 1980’s [Solomon  and Garcia, 19841;  the data 

shown  here support this connection on a global scale. The 2-D model results shown in Figures 1 

and 2 for expected C10 trends did  not include possible variations (decreases) in methane as part 

of the simulation, but  the C& variations seem to explain why lower-than-observed C10 trends 

are predicted [see also Siskind et al., 19981. Randel et al. [ 19991 have also  examined the trends 

in  MLS C10 data, and state that there is overall general agreement between the C10 trends and 

the  HALOE HC1 trends in  the  upper stratosphere (increases of about 2 to 3%/yr), for the time 

period  from  1993  to  mid-1997. However, it is clear from our analyses that the time period 

chosen significantly affects the “trends” (a statement supported in the latter paper), and  we have 

already cautioned that characterizing these variations as “trends” should only be done with  the 

implication of a “variation” over time, and not a really “long-term” connotation. In summary, 

free  chlorine (unlike HCI) is subject to variations that  can  produce significantly different results 

than  the changes in the source gases for chlorine, although this  might  be  true only for some time 

(several years) after a large  volcanic eruption and subsequent transport-related effects on 

methane. 



3.2 Lower Stratosphere 

While free chlorine would also be expected to  show a small increasing trend in the lower 

stratosphere based  on CFC emissions, i t  is evident from  the C10 data shown in Figures 1 and 2 

that an oppos'ite  type of behavior occurs in this region (for this time period at least). The  most 

obvious explanation lies in  the chemical perturbations that  have occurred indirectly because  of 

the  Mt. Pinatubo eruption; we emphasize that this is an  indirect effect as opposed to a relaxation 

following direct volcanic injection of chlorine into the stratosphere (a negligible effect, see 

WMO, 1995). Under non-polar atmospheric temperature conditions, the  main heterogeneous 

reaction is believed to be  the hydrolysis of NlOs, whereby water vapor and N20s react to: 

produce HN03. This in  turn shifts the nitrogen balance from NO, (NO and NO?) and N205 to.. 

HN03. Observations of increases in HN03 and decreases in  NO, after the  Mt. Pinatubo eruption. 

have confirmed this general idea [WMO, 19951; HN03 data from MLS (not shown here; see also 

Randel e f  al., 1999) and from the UARS Cryogenic Limb Array Emission Spectrometer [Kurner 

et al., 19961 also support the idea of a post-Pinatubo recovery period (with decreases in HNO3 

since 1992). We focus here  on  the effects regarding chlorine species. 

The indirect effect of a decrease in NO, is to slow  the rate of conversion of active 

chlorine radicals (CI, ClO) to the temporary reservoir of chlorine nitrate (ClON02). Therefore, 

the abundance of C10 is expected to increase after the eruption, and slowly relax  towards  non- 

perturbed conditions in subsequent years. Figures 5 and 6 give LLNL model  results for the 

effects of heterogeneous chemistry after blt. Pinatubo  on  the  lower stratospheric C10 

abundances. shown for the 30N-50N and 30s-50s latitude  bins, respectively. Both  model  and 

data at 10 hPa display CIO similar maxima in the summer and  minima in the  winter,  whereas  the 

seasonal maximum shifts to the wintertime a t  46 hPu. In the volc~nically-unpt.rtLlrbCd lower 



stratosphere, an annual winter maximum in aerosol surfxe area density suppresses NO, through 

conversion to reservoirs (HN03 and N20s), as lower solar illumination further suppresses NO 

relative to NO?. This seasonaf minimum in NO, reduces CION02 production and favors C10 

over C1, while .also slowing down the loss of active chlorine resulting from reaction with CHJ. 

Figures 5 and 6 also show  a volcano-free model  case, wherein a slow C10 increase (1.2 %/yr) is 

expected at 22 and 46 hPa, in contrast to the observations. The model differences in ClO trends 

between the lower and upper stratosphere (for the volcano-free case) are a reflection of trends in 

the different source gases that contribute to free chlorine in  the two regions. In the lower 

stratosphere, Cl is produced mainly from source gases that photolyze readily such  as CH3CC13 

and CCL, while CF2C12 contributes proportionately more in the upper stratosphere.  The easily- 

photolyzed sources also have a shorter lifetime and respond faster to emission changes at  the 

surface. For example, CH3CC13 has begun to decline, while CFzC12 has not. While there are 

some variations in  the data that are not readily explained, the  model  has some limitations which 

do not  allow for optimum simulation of year-to-year variations or coupling of dynamics, 

radiation, and chemistry. However, the decreasing C10 trends are the clearest first-order 

indication of a Pinatubo-related effect in  the lower stratosphere, where, regardless of  the exact 

amplitude and non-linearity of the expected effects of heterogeneous chemistry, the  model 

without such an aerosol-related impact would  lead one to expect a (small) increase in CIO. The 

interpretation is limited, in terms of constraining details of the heterogeneous chemistry that can 

lead to ClO enhancements, or the relaxation time scale or latitude dependence thereof, given  the 

error bars in both  data and model. The model predicts that  most of the decrease in C10 should 

occur prior to 1995. Based  on  the  fitted  rates of CIO change as a function  of  time for different 

years (Fig. 3). there is significant evidence for a reduction in the rate of observed CIO decrc;w 



with time  at 22. hPa  for southern mid-latitudes. and  some evidence for northern mid-latitudes, 

with essentially no such evidence in the tropics. It is  more difficult to confirm  (or deny) this 

behavior at 46 hPa, where the error bars are also larger. 

Results from in situ measurements of C10 in the stratosphere have indicated that  there 

was  indeed  an increase in the C10 abundances between  pre- and post- Pinatubo eruption 

measurements [Fahey et al., 1993; Wilson et al., 1993; Avallone et af . ,  19931.  Although  those 

data sets were much more limited in space and time than  the satellite observations reported here, 

they do  seem  to generally agree with our results, in  terms  of a Pinatubo-related increase in C10 

of order a factor of two or more. The MLS C10 data at 46 hPa yield a.total decay in C10 of 

about a factor of 4 between 1992 and 1997 for 30s-30N averages, and about a factor of 2 for 

both the 30N-50N and 30s-50s latitude bins. As might  be expected from  lower aerosol surface 

area at low pressure, the observed decay at 22 hPa (decrease of -25%) is less than  at 46 hPa. 

4. Conclusions 

Satellite-based microwave emission measurements of C10 from UARS MLS from late 

1991  to mid-1997 provide the first direct evidence of a “long-term” global rise in stratospheric 

free chlorine. The observed rate of C10 increase significantly exceeds the linear trend of 2%/yr 

that  is consistent with the  rate of increase from source gases (mostly CFCs) at  the  ground,  and 

the similar trend in high-altitude HCl (the main reservoir for chlorine in the upper stratosphere). 

The C10 rate  of change appears to vary significantly during this 6-year timeframe, with the 

fastest  rise (up to 10 %/yr at 2 hPa,  near 40 km altitude) occurring in the  first 4 years, foilowed 

by a return  to  the expected rate (about 2CTolyr) during the  latest few years. The connection with 

recent  methane decreases in the upper stratosphere suggested by S i s k i t d  et crl. [ 19981 seems  to be 

the  most  likely  e.uplanation fc)r these rupicl changes in free chlorine. The CH, and CIO short- and 



\ long-term  variations are strongly  anti-correlated on a global scale, with some indication of a 

reversal in the “trends” towards less perturbed conditions in  1996-1997.  While  the reasons for 

the  methane decrease are still not completely understood, this  decrease appears to have greatly 

accelerated  the increase in  C10.  MLS observations in  the  lower stratosphere indicate that C10 

generally decreases during this  time  period. Observed decreases of  about 5 pptv/yr or 5 to 10 

%/yr  can  be explained as post-Pinatubo eruption effects, whereby  volcanic aerosol production 

and transport  in  the lower stratosphere through 1992 led indirectly to a relatively rapid increase 

in  free chlorine, followed by a relaxation  to non-enhanced conditions in subsequent years. This 

behavior  is  predicted by the LLNL 2-D model, even if  the details of  the relaxation rate are not 

easily tested,  given  the  seasonal  and interrannual variability in the C10  data (and  the 

measurement precision). This paper contrasts the global impact of (anthropogenic) CFCs on free 

chlorine  increases  in  the  upper stratosphere (during 1991 - 1997) with  the indirect impact of  the 

Mt. Pinatubo  volcanic eruption on  free chlorine in  the  lower stratosphere. As  the  role of 

halocarbons diminishes in the  coming decades, the stratospheric chlorine abundances are 

expected  to diminish (the tropospheric  abundances  of several of these  source gases themselves 

have  recently  begun to decrease), so that  future long-term decreases in stratospheric C10 are 

expected.. 

Acknowledgments. We thank  the entire MLS  and HALOE teams for their contributions to  the 

data  presented  here,  and  the UARS Project  for its support. We  also  thank J. Holton for pointing 

out  possible effects of  the  Arctic  oscillation  on  methane variations. The  research described in this 

paper  was carried out  by  the  Jet  Propulsion Laboratory, California Institute of Technology, 

under a contract with  the  National  Aeronautics  and Space Administration. 

15 



REFERENCES 

Achard. V.. M.  De  Mazihre,  C.  Camy-Peyret, F. Karcher,  and  C.  Lippens,  Spaceborne  measurements of the  upper 

stratospheric HCL vertical  distribution in early 1992 and the trend in total  stratospheric  chlorine  since 

1985, J. Geophys.  Res., 102,8985-8990.  1997. 

Avallone,  L. M., D. W. Toohey, M. H. Proffitt, J. J.  Margitan, K. R. Chan,  and J. G. Anderson, In situ 

measurements of CLO at  mid-latitudes: Is there  an  effect  from Mt. Pinatubo?, Geophys.  Res. Lett., 20, 

25 19-2522, 1993. 

Barath, F. T., et  al.,  The  Upper  Atmosphere  Research  Satellite  Microwave  Limb  Sounder  Instrument, J. Geophys. 
. F  

Res., 98, 10,751-10,762,  1993. 

Bomnann, S . ,  S. Solomon, J. E.  Dye, D. Baumgardner, K. K. Kelly,  and K. R. Chan,  Heterogeneous  reactions on 

stratospheric  background  aerosols,  volcanic  acid  drople , and  type I  polar  stratospheric  clouds:  Effects of 

temperature  fluctuations  and  differences in particle  plfase, J.  Geophys.  Res., 102,3639-3648,  1997. 
P; 
\ 

Brasseur,  G.,  and  C.  Granier,  Mount  Pinatubo  aerosols,  chlorohuorocarbons,  and  ozone  depletion, Science, 257, 

! 

i 

1239-1242,  1992. i r, 

Cunnold,  D. M., R. F. Weiss, R. G.  Prinn, D. Hartley,  P. G. Simmonds,  P. J .  Fraser, B. Miller, F. N. Alyea,  and L. 

Porter,  GAGE/AGAGE  measurements  indicating  reductions in global  emissions  of  CFC13F  and  CC12F2 

in 1992-1994, J. Geophys.  Res. , 102, 1259-1269, 1997. 

De  Mazi&e, M., M. Van  Roozendael,  C.  Hermans, P. C. Simon,  P.  Demoulin, G. Roland,  and R. Zander, 

Quantitative  evaluation  of  the  post-Mount  Pinatubo NO. reduction  and  recovery,  based  on I O  years  of 

Fourier  transform  infrared  and  UV-visible  spectroscopic  measurements at Jungfraujoch. J .  Geophys. Res.. 

103, IO.SJ9- 10.858. 1998. 

DeMore, W. B.. S .  P. Sander, D. I'vl. Golden, R. F. Humpson. M. J. Kurylo, C:J. Howard. A. R. Ravishankan, C. 

E. Kolb,  and M. J .  Molinu,  Chemical  kinetics  and  photochemical  data for use in stratospheric  modeling. 

Evaluation  number 1 9 , .  JPL-Pldd. 97-4, 366 pp., jet Propulsion  Laboratory, Pasadena, Calif.. 1997. 



stratospheric  chlorine  partitioning  during  the  decay of the Mt. Pinatubo  aerosol  cloud, Geophys.  Res. 

Lett.. 24, 1623-  1626,  1997. 

Fahey, D. W., e t  al., In situ  measurements  constraining the role of sulphate  aerosols in mid-latitude  ozone 

depletion, Nature, 363, 509-5  14, 1993. 

Froidevaux,  L.,  et al., Validation of UARS  Microwave  Limb  Sounder  ozone  measurements, J.  Geophys.  Res., 

101, 10.017-10,060, 1996. 

Gunson, M. R., M. C.  Abrams,  L.  L.  Lowes,  E.  Mahieu,  R.  Zander, C. P. Rinsland, M. K. W. KO, N. D. Sze,  and 

D. K. Weisenstein,  Increase  in  levels of stratospheric  chlorine  and  fluorine  loading  between 1985 and 

1992. Geophys.  Res.  Lett., 21,2223-2226, 1994. 

Hofmann, D. J.,  and S. Solomon,  Ozone  destruction  through  heterogeneous  chemistry  following  the  eruption of El 

Chichon, J. Ceophys.  Res., 94,5029-5041, 1989. 

JaeglC, L., Y. L. Yung, G. C .  Toon,  B. Sen, and J.-F. Blavier,  Balloon  observations  of  organic and inorganic 

chlorine in the  stratosphere:  The  role of HCIOj  production  on  sulfate  aerosols, Geophys.  Res.  Lett. ,23,  

1749- 1752, 1996. 

Kinnison, D. E., K. E. Grant, P. S. Connell, D. A.  Rotman,  and D. J. Wuebbles,  The  chemical  and  radiative 

effects of the  Mount  Pinatubo  eruption, J.  Geophys. Res., 99,  25,705-25,731,  1994. 

Kumer, J. B.,  et al., Comparison of correlative  data with HN03 version 7 from  the  CLAES  instrument  deployed 

on the NASA  Upper  Atmosphere  Research  Satellite, J.  Geophys.  Res., IOI,9621-9656, 1996. 

constant  and  branching  ratio  for  the OH + CIO  reaction. J .  Chem. Soc., Furclclny Trans.. 93,2665-2673, 

1997 

Molina. bl. J., and F. S.  Rowland. Stmtospheric  sink for chlorotluoromethanes:  Chlorine  atom  catalysed 

destruction  of ozone. Nmrre, 249, 8 10-8 13, 1974. 

17 



Montzka. S. A.. J. H. Butler,  R.  C.  Myers, T. M.  Thompson, T. H. Swanson. A. D. Clarke, L. T. Lock,  and J .  W. 

Elkins. Science, 272, 13 18- 1322. 1996. 

Nedoluha.  G. E., D. E. Siskind. J. T. Bacmeister,  R. M. Bevilacqua.  and 1. M. Russell 111, Changes in upper 

stratospheric  CH4  and  NOt as measured by  HALOE  and  implications  for  changes in transport, Geophys. 

Res.  Lett., 25.987-990, 1998. 

Solomon, S., R. W. Ponmann, R. R.  Garcia, L. W.  Thomason, L. R.  Poole,  and  M. P. McCormick,  The  role  of 

aerosol  variations  in  anthropogenic  ozone  depletion  at  northern  mid-latitudes, J.  Geophys. Res., 101, 

67 13-6728, 1996. 

Stimpfle,  R.  M.,  et  al.,  The  response  of C10 radical  concentrations  to  variations in NO2 radical  concentrations  in 

the  lower  stratosphere, Geophys.  Res.  Lett., 21,2543-2546, 1994. 

Randel,  W. J., F. Wu, J. M.  Russell, III, and J. Waters,  Space-time  patterns  of  trends  in  stratospheric  constituents 

derived  from UARS measurements, J.  Geophys.  Res., 104,37 11-3727, 1999. 

Reisinger,  A.  R., N. B. Jones,  W.  A.  Matthews,  and  C.  P.  Rinsland,  Southern  hemisphere  midlatitude  ground- 

based  measurements  of  C1ONO2:  Method  of  analysis,  seasonal  cycle  and  long  term  trend, J.  Geophys. 

Res., 100,23,183-23,193, 1995. 

Rinsland,  C.  P.,  J. S. Levine, A. Goldman, N. D. Sze, M. K. W. KO, and D. W.  Johnson,  Infrared  measurements  of 

HF and HC1 total  column  abundances  above Kitt Peak. 1977-1990: Seasonal  cycles,  long-term  increases, 

and  comparisons  with  model  calculations, J.  Geophys.  Res., 96. 15,523-15.540. 1991. 

Rinsland, C. P.. R.  Zander,  P.  Demoulin;  and E. Mahieu,  CION02  total  vertical  column  abundances  above  the 

Jungfraujoch  Station, 1986-1994: Long-term  trend  and  winter-spring  enhancements, J .  Geophys.  Res., 

101, 389 1-3899. 1996. 

Rodriguez, J. M., M. K. W. KO, and N. D. Sze, Role of  heterogeneous  conversion of NIOs on sulphate  aerosols in 

global  ozone losses. Nllmre, 352, 134- 137, I99 1 .  

Russell.  1. M.. 111. L.  L. Gordley. J.  H. Pdrk. S.  R. Drayson. A. F. Tuck, J. E.  Harries,  R. 1. Cicerone, P. J.  

Crutzen,  and J. E. Frederick, Thc Halogen  Occultation  Experiment. J .  Geoplrys. Res . .  98. 10.777-10.797, 



1993. 

Russell. 1. M., 111, M. Luo,  R. J. Cicerone.  and L. E. Deaver.  Satellite  confirmation of the dominance of 

chlorofluoro-carbons in the  global  stratospheric  chlorine  budget. Nature, 379, 526-529, 1996. 

Siskind, D. E., L. Froidevaux, J.'M. Russell,  and J. Lean,  Implications of upper  stratospheric  trace  constituent 

changes  observed by HALOE for 0 3  and CIO from 1992 to 1995, Geophys.  Res.  Lett., 25,35 13-35  16, 

1998. 

Solomon, S., and  R. R. Garcia,  On the distributions of long-lived  tracers  and  chlorine  species  in  the  middle 

atmosphere, J.  Geophys.  Res., 89, 11,633-1 1 , 6 4 4 ,  1984. 

Thompson, D. W. J., J. M.  Wallace,  and G. C. Hegerl,  Annular  modes in the  extratropical  circulation  Part 11: 

Trends, J. Climate, submitted, 1999. 

Wallace, L., W. Livingston,  and D. N. B. Hall,  A  twenty-five  year  record  of  stratospheric  hydrogen  chloride, 

Geophys.  Res. Len., 24,2363-2366, 1997. 

Waters, J. W., et al., Validation  of  UARS  Microwave  Limb  Sounder  CIO  measurements, J.  Geophys.  Res., IOZ, 

10,091-10,127, 1996. 

Waters, J. W.,  et al., The  UARS  and EOS Microwave  Limb  Sounder (MLS) experiments, J.  Atmos. Sci., 56, 194- 

218, 1999. 

Webster, C. R., et al., Evolution of HCI  concentrations in the  lower  stratosphere from 1991 to 1996 following  the 

eruption of Mt. Pinatubo, Geophys. Res. Lett., 25,995-998, 1998. 

Wennberg,  P. O., et al., Removal of stratospheric 0 3  by  radicals:  In  situ  measurements  of  OH,  HO,, NO, NO?, 

CIO,  and BrO, Science. 266,398-404, 1994. 

Wilson, J. C..  et  al.. In situ observations of aerosol  and  chlorine  monoxide after the 199 I eruption of  Mount 

Pinatubo:  effect of reactions  on  sulfate  aerosol, Science. 261. I 110-I 113, 1993. 

WMO  (World  Meteorological  Organization), Scientijic Assessrnerrt of 0:onr Drplerion: IYY-I, Global Ozone 

Research  and  Monitoring  Project - Report No. 37. Genevrl. 1905. 



WMO (World  Meteorological  Organization), SPA RC/fOC/GA W Assessment of Trends in the Vertical Distributiofl 

of Ozone. edited by N. Harris, R. Hudson,  and C. Phillips,  SPARC Report No. I ,  World  Meteorological 

Organization  Global  Ozone  Research and Monitoring  Pro'ect - Report No. 43, Geneva, 1998. 
, .  1 : , f 4;: : y  :. ,.:::' 0 - b ;  , 1 7 ( , '  

Zander, R.,et al., The 1994 northern  midlatitude  budget of stratospheric chlorine  derived  from  ATMOS/ATLAS-3 

observations, Geophys. Res. Lett., 23, 2357-2360, 1996. 



FIGURE CAPTIONS 

Figure 1. Zonal  mean CIO abundances for latitudes of 30s-30N from Microwave  Limb Sounder 

measurements.between late 1991 and mid-1997 at various pressures (panels labeled 2 hPa and 5 hPa are, 

. . ,  

, .  x 

more precisely, for 2.2 hPa and 4.6 hPa). Dots represent averages over roughly 36-day time periods (see 

text); error bars represent the estimated precision for the  mean values. Solid lines give the slopes 

obtained from a multiple regression fit to the data (after the non-linear components of the model fit have 

been subtracted from the  data). Thick dashed lines represent the expected behavior from the LLNL 2-D 

chemical-transport model including anthropogenic and volcanic influences; scaling factors have been 

used to match the average model values to the average data values (see text). Model pressure grid points 

are  at 0.94, 2.2, 5.0, 9.3, 21.5, and 49 hPa, very close to the pressures used  in  the MLS retrievals. Thin 

dashed lines are model values that do not include heterogeneous chemistry effects of volcanic aerosols 

arising from the June 1991 eruption of Mt. Pinatubo. 

Figure 2. Summary of fitted trends in C10 for 3 latitude bins at various pressures. MLS data yield 

values summarized as dots (30S-30N), triangles (30N-50N), and squares (30s-50s). LLNL model 

trends from linear fits to deseasonalized monthly  model values are also shown (solid curve for 30S-30N, 

dashed cuwe for 30N-50N, and dash-dot curve for 30s-50s). Units for the left and right panels are %/yr 

and  pptvlyr, respectively. Error bars represent  twice  the root mean square uncertainty estimate (or a 

95% confidence limit). 

Figure 3. Illustration of the sensitivity of the derived slopes (change in CIO versus time) to  the  time 

period chosen for analysis. Eight 4-year time  periods  were  used. with starting dates varying from 

October 1991 to July 1993, each consecutive time  period being shifted from the previous one by 3 

months. 
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Figure 4. Top panel: Time series of zonal mean abundances of C10 from MLS data  (filled  circles) and 

CHJ from HALOE data (open circles)  for 2..'hPa and 30s-30N. Bottom panel: Time series of 

normalized ratio Q (see text), representing first-order photochemical balance between C10 and HCI. 

Figure 5. Time  series of C10 from the MLS observations andgodel, as in Figure I ,  but for 30N-50N at 

the three highest pressures  only. 

Figure 6. Time  series of C10  from  the MLS observations and model, as in Figure 1, but for 30s-50s at 

the three highest pressures only. 
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